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Leaching bacteria such as Thiobacillus ferrooxidans attach to pyrite or sulfur by means of extracellular poly-
meric substances (EPS) (lipopolysaccharides). The primary attachment to pyrite at pH 2 is mediated by exo-
polymer-complexed iron(III) ions in an electrochemical interaction with the negatively charged pyrite surface.
EPS from sulfur cells possess increased hydrophobic properties and do not attach to pyrite, indicating adapt-
ability to the substrate or substratum.
The acidophilic, iron(II) ion-oxidizing bacteria Thiobacillus
ferrooxidans and Leptospirillum ferrooxidans are the most im-
portant mesophiles for the extraction of metals from sulfidic
ores by bioleaching (13, 27). Little is known about the inter-
facial processes leading to the degradation of metal sulfides
(26), because of a complex interaction of electrochemical, bio-
chemical, and surface-specific mechanisms (25, 33). Extracel-
lular polymeric substances (EPS) mediate the contact between
the bacterial cell and the sulfidic energy source, having a piv-
otal role in organic film formation and bacterium-substratum
interactions (28). To understand their function, the chemical
composition of EPS was analyzed.
(This article is based on the results of studies by T. Gehrke
for a Ph.D. thesis at the Faculty of Biology, University of
Hamburg, Hamburg, Germany.)
Microorganisms. T. ferrooxidans R1 was used throughout
this study (27). The bacteria were grown with iron(II) sulfate as
the energy source (23) according to the method of Blake et al.
(5).
Solid substrates. Elemental sulfur (as finely divided powder;
Merck) was sterilized in mineral salts medium at 112°C for 20
min. Flotation-grade pyrite grains (diameter, less than 100 mm)
(30) were washed in acetone and in boiling 30% sulfuric acid
and were rinsed to pH neutrality with deionized water. After
drying, the grains were sterilized for 24 h at 120°C under
nitrogen. Polished pyrite cubes (museum grade) for surface
analysis were similarly treated.
Isolation and partial purification of EPS. EPS were harvest-
ed by centrifugation at 12,000 3 g (9). For EPS harvested from
sessile cells, homogenization (3 min at 12,000 rpm [Ultra Tur-
rax IKA model T 25 homogenizer]) of the substratum slurry
(filter residue) in the presence of 10 mM Tris-HCl [pH 7]–
1023 mM N-dodecyl-N,N-dimethyl-3-ammonio-1-propane-sul-
fonate (Zwittergent 3-12)–1 mM EGTA at 4°C (10) was addi-
tionally included. The supernatants with EPS were extensively
dialyzed against pH 2 distilled water at 4°C in sterilized dialysis
bags (cutoff, 3,500 Da). The remaining crude EPS were freeze-
dried. The pellets consisting of bacteria without EPS are called
EPS-deficient cells hereafter in this work. Contamination by
membrane fragments was verified by 2-keto-3-deoxyoctonate
analysis (21).
Chemical composition. Aliquots of crude EPS were analyzed
for phosphorous (according to DIN 38405-D11-2), nitrogen
(34), iron species (3), and protein (8). Estimations of fatty
acids and sugar monomers were achieved by gas-liquid chro-
matography (Carlo-Erba Fractovap 4160 with a flame ioniza-
tion detector) using ultrapure standards (Sigma, PolyScience).
Free fatty acids (FFA) were extracted with hexane from EPS
samples, dried, and treated with 2 N dry methanolic hydrogen
chloride for 1 h at 90°C under nitrogen, with dodecanoic acid
used as the internal standard. After the addition of water the
fatty acid methyl esters were extracted and dried. An aliquot
was injected into a fused-silica capillary column (25 m) consist-
ing of FFAP CB (Chrompack) at a split ratio of 1:25. A tem-
perature program from 115°C to 240°C (4°C/min; initial hold-
ing period, 10 min) was used. Short-chain fatty acids were
extracted with hexane after acidification of the EPS suspension
(pH 2, HCl) and injected into the gas chromatograph without
derivatization. Tightly bound fatty acids and the sugar compo-
sition of the crude EPS were analyzed according to the method
of Hanson and Phillips (19). Neutral sugars, uronic acids, and
hexosamines were analyzed as described by Chaplin (11, 12).
Quantitative estimation of the uronic acids was spectrophoto-
metrically performed (7).
Leaching experiments. The media were inoculated with EPS-
containing or -deficient cells (109/ml) supplemented with iron
(III) sulfate. Degradation products were determined according
to methods presented in references 3 and 14, and the reaction
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TABLE 1. Amount and chemical composition of EPS
from 1010 cells of T. ferrooxidansa
Substrate
Mean EPS
6 SD (mg/
1010 cells)
% (wt/wt) of total EPS
Sugars Lipids FFA Nitrogen Phosphorus
Iron(II) sulfate 215 6 30 52.2 36.9 5.5 0.5 0.7
Pyrite 2,760 6 301 48.5 39.4 5.8 0.5 0.8
Sulfur 1,155 6 94 40.9 53.8 8.0 0.6 2.8
a T. ferrooxidans cells were grown with iron(II) sulfate, pyrite, or sulfur. Ex-
periments were carried out in triplicate. Results are given as arithmetic mean
values. Except where otherwise stated, SD amount to 4%.
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enthalpy was determined as heat output by microcalorimetry
(31). To differentiate between chemical and biological activity,
some samples were treated with chloroform and measured.
Attachment to solids. Pyrite-, sulfur-, or iron(II) sulfate-grown
EPS-containing cells and the corresponding EPS extracts were
used. Attachment was examined by column chromatography
with a strongly acidic or a strongly basic ion exchanger or a
hydrophobic adsorbent resin (Serdolit CSG, Serdolit ASG-II,
or Serdolit PAD I [Serva]). Samples (0.5 ml) containing 108
cells or 10 mg of EPS were added. After rinsing, attached EPS
were eluted with 0.5 M HCl (cation exchanger), 0.5 M NaCl
(anion exchanger), or pure methanol (adsorbent). EPS-con-
taining cells were treated and eluted in the same way; however,
methanol was replaced by hexanol. Cell numbers were deter-
mined by counting or the most-probable-number method; the
amount of EPS was determined colorimetrically with glucose
as the standard (24). Attachment to natural substrata (pyrite
and sulfur) was determined by reduction of the planktonic cell
numbers or the decrease of suspended EPS.
Attachment sites on pyrite. The maximal number of at-
tached cells was estimated by a shake flask assay using a pyrite
cube, iron(II) sulfate-grown bacteria, and iron(III) sulfate. The
amount of pyrite coverage was calculated by assuming a bac-
terial attachment surface of 2 3 10212 m2/cell, a total surface
of 1.4 3 1023 m2/pyrite cube, and a bacterial monolayer (as
observed on scanning or transmission electron micrographs).
Images of attached bacteria were achieved by atomic force
microscopy (AFM) using a NanoScope III device (Digital In-
struments) operated in the contact mode. The number of cath-
odic (and anodic) surface sites on pyrite was evaluated by the
scanning vibrating electrode technique (20) comparing inocu-
lated with sterile surfaces. The current density maps allow the
user to localize defective areas by increased or decreased cur-
rent densities (anodic and cathodic sites, respectively). The
bacterial generation of a strongly oxidizing environment by
iron(III) ion production was determined by a scanning vi-
brating Kelvin microprobe (32). A pyrite surface (working
electrode) was covered with sterile washing solution or drop-
lets containing bacteria (5 3 108 cells/ml). Either autoclaved or
iron(II) sulfate-grown, EPS-containing or -deficient cells were
used.
Statistical analysis. Most experiments were carried out in trip-
licate; corrosion potential and current density measurements
were performed in duplicate. Results are given as arithmetic
mean values. Standard deviations (SD) generally amounted to
#40% (cell numbers), to 4% (chemical and gas-chromatogra-
phy analyses), or to 12% (electrochemical analyses).
EPS analysis. The yield of EPS from cells of T. ferrooxidans
was nutrient dependent (Table 1). Iron(II) sulfate-grown cells
produced little EPS, whereas pyrite-grown cells produced 13
times as much. Neither extraction nor additions influenced the
determination of the composition. The 2-keto-3-deoxyoctonate
concentration, indicating contamination by cell wall fragments,
remained below the limit of detection. The EPS consisted main-
ly of sugars and lipids (Table 2) besides small amounts of ni-
FIG. 1. Importance of iron(III) ions for the onset of pyrite dissolution (bioleaching) by cells of T. ferrooxidans. Pyrite dissolution was measured before (A) and after
(B) inoculation with EPS-deficient cells as an increase of total iron concentration in the medium (triangles) and heat output on the substratum (bars). Asterisks show
the cell concentration of planktonic bacteria. The arrow indicates the addition of 0.5 g of iron(III) ions per liter. d, days.
TABLE 2. Chemical constituents of various fractions
of EPS from cells of T. ferrooxidansa
EPS
fraction Constituent
b
% (wt/vol) of total EPS from
cells grown on:
Iron(II) sulfate Pyrite Sulfur
Sugar Rhamnose 13.9 10.8 NDc
Fucose 20.5 17.1 ND
Xylose 0.9 0.8 ND
Mannose 0.4 0.7 ND
Glucose 11.4 15.2 40.4
Glucuronic acid 4.4 3.3 0.6
Iron(III) ions 0.7 0.5 ND
Lipid C12:0 1.9 2.0 2.7
C14:0 0.4 0.4 0.6
C16:0 8.8 9.4 12.9
C17:0 0.9 1.0 1.3
C18:0 20.2 21.6 29.5
C19:0 3.9 4.2 5.7
C20:0 0.8 0.8 1.1
FFA C16:0 1.7 1.8 2.4
C18:0 3.8 4.0 5.6
a T. ferrooxidans cells were grown with iron(II) sulfate, pyrite, or sulfur. Ex-
periments were carried out in triplicate. Results are given as arithmetic mean
values. SD amount to 4%.
b C’s with subscripts show equivalent chain lengths of fatty acids.
c ND, not detected (,0.08%).
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trogen, phosphorus, and FFA. The chemical compositions of
the EPS from iron(II) sulfate- and pyrite-grown cells were alike,
whereas a higher content of lipids, FFA, and phosphorus was
detectable for sulfur-grown cells. Protein and hexosamines
were not detectable (data not shown). EPS from iron(II) sul-
fate- and pyrite-grown cells contained neutral sugars, glucuron-
ic acid, and iron exclusively as iron(III) ions. In contrast to the
findings of Agate et al. (1), the iron species were not lipid
associated. The molar ratio of 2 mol of glucuronic acid to 1 mol
of iron(III) ions indicates the formation of glucuronic acid-iron
ion complexes. In EPS from sulfur-grown cells only glucose re-
mained. Glucuronic acid was reduced by about 85%. Iron spe-
cies were not detectable. The lipids of all EPS preparations
were qualitatively comparable. Stearic acid contributed about
55% to the total lipid fraction. Unsaturated fatty acids were
not detectable. The EPS composition of planktonic cells was
comparable with the one from sessile cells (data not shown).
Leaching experiments. Leaching experiments were conduct-
ed with EPS-deficient cells and pyrite. These cells replenish
their capsular material within a few hours (18). Furthermore, a
sufficient amount of iron(III) ions in the medium ($0.2 g/liter),
to be complexed by the uronic acids in the exopolymers, was
needed. Figure 1 indicates that pyrite oxidation remained neg-
ligible without iron(III) ion supplementation. Afterwards, iron
concentration and heat output significantly increased, whereas
the cell count of planktonic bacteria fell by about 50%. The
attack on sulfur was independent of iron(III) ions. EPS-defi-
cient cells with or without supplemented iron(III) ions exhib-
ited comparable dissolution rates of about 2.5 g/liter of sulfate/
day (data not shown). Iron(II) sulfate-grown cells neither at-
tached to nor metabolized sulfur unless their iron-containing
EPS were removed (Fig. 2).
Mechanism of attachment. In Table 3 the data indicate that
attachment was dependent on the growth substrate. Whereas
sulfur-grown cells attached only to hydrophobic surfaces (sul-
fur, adsorbent resin), iron(II) sulfate-grown cells adhered ex-
clusively to negatively charged substrata (pyrite [6, 15], cation-
exchange resin). Pyrite-grown cells accepted both substrata.
The same results were obtained with cell-free EPS (data not
shown). Obviously, charge effects are involved in attachment, a
FIG. 2. Dependence of sulfur dissolution (bioleaching) on EPS composition for cells of T. ferrooxidans. Dissolution was measured before (sterile) (A) and after (B)
inoculation with EPS-deficient (1) or -containing (2) cells of iron(II) sulfate-grown bacteria by sulfate concentration in the medium (circles), heat output on the
substratum (bars) and cell concentration of planktonic bacteria (asterisks). d, days.
FIG. 3. AFM image of a cell of T. ferrooxidans specifically attached to a
dislocation area (surface fault).
TABLE 3. Attachment of differently grown cells of
T. ferrooxidans to various substrataa
Substratum
Cells grown with:
Iron(II) sulfate Pyrite Sulfur
Pyriteb 11 11 2
Sulfurb 2 1 11
Cation exchangerb 11 11 2
Anion exchangerc 2 2 2
Hydrophobic adsorberb 2 1 11
a The attachment of T. ferrooxidans cells (108 cells/assay) to natural (pyrite and
sulfur) and artificial substrata (ion-exchange resins and hydrophobic adsorbent
resin) was assayed. 11, strong attachment (80 to 95% of inoculated cells at-
tached to mineral); 1, weak attachment (25 to 35%); 2, no attachment (0%).
b Tested at pH 2.
c Tested at pH 7.
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theory which is corroborated by earlier studies on the molec-
ular structure of pyrite (22). Those cations or molecules acting
as Lewis acids (accepting the unshared electron pair of pyritic
sulfur), like EPS-complexed iron species, will be preferentially
attracted. Attachment to hydrophobic substrata such as sulfur
is dominated by van der Waal’s attraction forces. The pyrite-
grown cells possess an intermediate chemical EPS composi-
tion, allowing them consequently to attach to both substrata.
Pyrite colonization. AFM images demonstrated that T. fer-
rooxidans specifically attached to dislocation sites on pyrite,
such as cracks and grain boundaries (4) (Fig. 3). A statistical
evaluation indicated that 76% of all cells adhered to (visible)
surface imperfections. Furthermore, calculations based on the
decrease of the planktonic cell count during initial cell-mineral
interaction yielded a maximal surface utilization of 40%. This
finding agrees with the previous one, since the amount of dis-
locations and cracks is limited. Andrews (2) suggested that
selective attachment to pyrite is associated with the occurrence
of distinct dislocation sites, where sulfur atoms are accumu-
lated, constituting cathodically active regions. On the pyrite
surface cathodic and anodic sites exist, but their diameters are
(as opposed to steel [diameter, 10 to 50 mm]) less than 10 mm.
Hence, scanning vibrating electrode technique experiments
with a lateral minimal resolution of 10 mm remained without
result (data not shown). Obviously, flat-spread corrosion phe-
nomena occur on pyrite.
Surface potential measurements by the Kelvin electrode
demonstrated that the process of pyrite degradation is electro-
chemical in nature (Fig. 4). With EPS-containing bacteria the
potential strongly increased, whereas EPS-deficient cells
caused only a slight increase. Dead cells, with or without EPS
or sterile nutrient solution, only negligibly influenced the sur-
face potential.
Summarizing, the importance of the EPS for the first steps in
metal sulfide dissolution became obvious. The lipopolysaccha-
ride-containing EPS appear to be a prerequisite for an attach-
ment to solid substrates such as pyrite and sulfur. The substrate
or substratum influenced the chemical composition of the ex-
opolymers. The mode of adhesion is different for either sulfur-
or iron-grown cells and will trigger the expression of different
EPS genes (16). A crucial factor is the availability of iron ions.
Sulfur-grown cells exhibit purely hydrophobic surface prop-
erties and do not attach to charged particles such as pyrite. On
the contrary, the primary attachment to pyrite is mediated by
positively charged exopolymer-complexed iron(III) ions, allow-
ing an electrochemical interaction with the negatively charged
surface. The iron(III) ions occur stochiometrically with the
complexing glucuronic acid. Similar observations are described
by Geesey and Lang (17).
The bacteria regenerate the iron(III) ions and use the en-
ergy for growth. Consequently, the main bacterial contribution
to this corrosion system is to keep the iron ions in the oxidized
state. Because the primary attack of the EPS-bound iron(III)
ions occurs outside the cells in the EPS, it may be hypothesized
that this layer constitutes a special, enlarged reaction space,
allowing the cells to considerably extend action. Consequently,
only the indirect leaching mechanism, i.e., the catalytic effect of
iron(III) ions, can sufficiently explain the accumulated data.
These results are completely in agreement with those of Sand
et al. (26) and Schippers et al. (29).
We appreciate the excellent help of A. Nazarov, F. Zou, and Z.
Keresztes with potential measurements and atomic force microscopy.
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